Vortex dynamics within arrays of square ferromagnetic nano-elements have been studied by time-resolved scanning Kerr microscopy (TRSKM), while x-ray photoemission electron microscopy has been used to investigate their equilibrium state. An alternating field demagnetization process was found to initialize a distribution of equilibrium states within the individual elements of the array, including quasi-uniform states and vortex states of different chirality and core polarization.
I. INTRODUCTION
The gyrotropic mode 1,2,3,4,5 of a magnetic vortex 6 is currently the subject of intense research because microwave emission from a spin torque vortex oscillator (STVO) has a tuneable frequency 7, 8, 9 and narrow linewidth 10 that is attractive for microwave signal processing applications. While the emitted power from a single STVO is too small to be of widespread technological use, it may be enhanced by careful consideration of the device materials, 11 or by mutual synchronization of multiple STVOs so that the power level can be increased. 12, 13, 14 Phase locking has only been demonstrated for a small number of STVOs that share a common magnetic layer 12, 14 or that are injection locked to the same microwave current source. 13 For multiple isolated STVOs the dynamic dipolar interaction between the gyrotropic modes of the individual devices 15 also has the potential to phase lock and synchronise their dynamic response without the need for common layers or additional interconnects. However to understand the formation of collective gyrotropic modes within large arrays, it is first necessary to image the dynamics of individual elements, pairs, and smaller arrays so that the character of the collective modes may be determined.
Recently, investigations of dynamically coupled magnetic vortices have been reported in pairs, 16, 17, 18, 19, 20, 21, 22 trios, 23 chains, 22, 24 and arrays 25, 26, 27, 22, 28 of microscale ferromagnetic disks and squares. In large arrays of ~300 microscale discs, ferromagnetic resonance experiments revealed broadening of the vortex gyrotropic mode as the separation between the elements was decreased, 25 suggesting increased splitting of a large number (~300) of unresolved collective modes. At the same time, time-resolved magneto-optical Kerr effect measurements were used to detect the splitting of collective gyrotropic modes within arrays of 250 microscale discs, which was shown, with the aid of micromagnetic simulation, to be due to inter-element magnetostatic coupling mediated by uncompensated magnetic charge near to the edges of the elements. 26 Most of these studies investigate coupled vortex dynamics in microscale magnetic elements, while in STVOs nanoscale magnetic elements are necessary in order to achieve suitable current density to excite the gyrotropic mode using spin transfer torque. To that end it is a necessary prerequisite to investigate the dynamic response of magnetic vortices in arrays of nanoscale elements.
In this work we used time-resolved scanning Kerr microscopy (TRSKM) to detect the vortex gyrotropic mode of individual nanomagnets within arrays, and x-ray photoemission electron microscopy (XPEEM) to determine their equilibrium state.
The arrays were initialized by applying a slowly alternating in-plane magnetic field of decreasing amplitude. By imaging the polar Kerr signal at a fixed point in the microwave cycle, the phase of vortex gyration within the elements of the array can be detected. Two arrays consisting of 250 nm square elements in a 5×5 and 9×9
configuration with respective edge-to-edge separations of 500 nm and 50 nm were considered. Time-resolved (TR) Kerr images acquired from the 9×9 array show that the magneto-optical contrast can extend across small regions of the array corresponding to a pair of elements. Micromagnetic simulations of 2×2 arrays reveal that the observed magneto-optical contrast can be described by a specific equilibrium configuration of the vortex chirality and core polarization, which have previously been shown to lead to different eigenmodes of interacting microscale discs. and width 6 µm. The width of the central conductor and its separation from the surrounding ground planes were designed to achieve a characteristic impedance of 50 Ω on the sapphire substrate. A schematic of the coplanar waveguide structure is shown in Figure 1 (a). Magnetization dynamics were excited using the in-plane magnetic field associated with pulsed or microwave (RF) current waveforms passing through the narrow section of the CPW. A NiCr thin film resistor with DC resistance of ~ 50 Ω was deposited at one end of the CPW to attenuate the time-varying current and prevent multiple reflections.
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II. EXPERIMENT AND SAMPLE DETAILS
TRSKM was used to study the coupled vortex dynamics of square 250×250 nm 2 nanomagnets within two arrays with edge-to-edge separations of 500 nm and 50 nm. The vortex equilibrium state was generated in the nanoelements by applying a slowly (<1 Hz) alternating in-plane magnetic field with continuously decreasing amplitude. A Ti:sapphire oscillator was used to generate optical pulses of ~100 fs duration, 800 nm wavelength and 80 MHz repetition rate.
Second harmonic generation was then used to generate a 400 nm (blue) optical probe that was expanded (×5) to reduce beam divergence, before being linearly polarized, and then focused to a diffraction limited spot diameter of ~ 300 nm using a high numerical aperture (0.85, ×60) microscope objective lens. 29 TR measurements were made by using a 4 ns optical delay line to change the relative phase of the optical pulses and the pulsed or RF field excitation generated by the CPW at the sample position. The amplitude of the excitation was modulated at a frequency of ~3 kHz. The Kerr rotation was measured using a balanced photodiode polarizing bridge detector, with a lock-in amplifier to recover the modulated signal component.
TR Kerr images were acquired at a fixed phase of RF field excitation by scanning the sample beneath the focussed spot using a piezoelectric scanning stage. The microscope had sufficient spatial resolution and long term mechanical stability to detect magnetization dynamics within the individual nanomagnets of the arrays.
TRSKM is a stroboscopic technique that reveals only changes in the magnetic state. Therefore additional information about the equilibrium magnetic state is required to correctly interpret the TRSKM data. XPEEM was used to image the equilibrium vortex states in nominally identical arrays to those used in the TRSKM measurements. The XPEEM images were acquired at the I06 Nanoscience beamline at the Diamond Light Source, UK. X-rays with an energy corresponding to the L 3 absorption edge of Fe were used to acquire images of the in-plane magnetization, using x-ray magnetic circular dichroism (XMCD) as the contrast mechanism. 30 The spatial resolution of the XPEEM used for this study was ~50 nm, in a geometry that allowed the projection of the in-plane component of the magnetization onto the x-ray wavevector to be imaged.
III. RESULTS AND DISCUSSION
A. Static and dynamic measurements of single microscale elements
Since the elements within the arrays have a length that is smaller than the focused spot size in the TRSKM, it is necessary to first confirm that the magnetic field initialization generates a vortex equilibrium state within square elements. In the arrays. 31 The black and white contrast in the XPEEM image corresponds to the in-plane component of the equilibrium magnetization that lies parallel or anti-parallel to the x-ray wavevector respectively. In Figure 1 (b) the grey regions have magnetizations that lie perpendicular to the x-ray wavevector, so that the magnetization rotates in the plane of the square forming a vortex core at the center.
In elements with length greater than the focused spot size, TRSKM can be used to observe the vortex state by detecting higher frequency magnetization precession within the surrounding flux closure domains. In Figure 1 However, detection of the vortex gyration using TR polar Kerr microscopy is possible, and has previously been reported in sub-micron sized disks probed by a 500 nm diameter spot. 2, 3, 5 In the following we review how the vortex gyration is observed using this technique.
In Figure 2 (a) the measured (black trace) and simulated 32 (blue trace) out-ofplane component of the dynamic magnetization of a 500 nm square is shown in response to an in-plane pulsed field. The experimental TR Kerr signal shows the low frequency vortex gyration superimposed upon the higher frequency precessional modes of the closure domains.
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The experimental data was acquired with a 300 nm diameter focused spot that yields the average out-of-plane component of the 
B. Dynamic measurements of arrays
To study the dynamic interaction of vortices within the arrays, TRSKM with sub-GHz RF field excitation was used to excite only the gyrotropic mode. The higher frequency spin waves of the confined in-plane magnetization, as observed in was reset, the majority of squares remained in the vortex state, but square (3, 5) adopted the vortex state generating a detectable signal, while squares (4, 2), (4, 4), and (2, 4) adopted the single domain state yielding no signal at 960 MHz. Element (3, 4) in Figure 4 (a) and elements (3, 4) and (3, 5) in Figure 4 (b) also appear with stronger contrast than other elements. This suggests slight differences in the radius of the vortex core gyration due the variation of resonance frequencies in accordance with element size (aspect ratio).
In the lower panel of Figure In elements (3, 4) and (4, 5) the orientation of the contrast is different by about /2 radians for both field histories and may alternatively be the result of a difference in size or shape between these two elements since the resonance frequency depends upon the aspect ratio. 34 In a real array, the aspect ratio is expected to vary from element-to-element. Micromagnetic simulations of a 250×250 nm The off-resonance response is known to have a different trajectory and exhibit a phase difference of up to /2 radians with respect to the on-resonance response 38 leading to the smaller phase differences in the contrast of individual elements in Figure 4 (a) and Figure 4 (b).
In the 5×5 array, the dipolar interaction is not expected to have a significant influence on the vortex state configuration due to the with large edge-to-edge separation (twice the element length). The change in the equilibrium states of a small number of elements for a repeated field history (described earlier) does not appear to be controlled by the initialization process, or correlated with nearest neighbour elements. This suggests that thermal effects, edge defects, and surface roughness may influence the nucleation process in the 5×5 array, or perhaps a recently reported asymmetry in the formation process that may arise from an intrinsic Dzyaloshinskii-Moriya interaction. 39 In Figure 4 contrast extending over 2×1 elements overlaps elements (7, 4), (7, 5) , (8, 4) and (8, 5) , while a 1×1 region of contrast is observed between elements (9, 3) and (9, 4).
As observed for the 5×5 array with larger separation, the 9×9 array exhibits regions with no obvious Kerr signal at a RF frequency of 960 MHz, for example in the lowerleft quadrant of the array. This is consistent with the XPEEM image in the bottom panel of Figure 4 (c) of a nominally identical 9×9 array, which shows that many of the elements occupy a quasi-uniform single domain state. In measurements of the vortex nucleation and annihilation magnetic fields in chains of closely spaced submicron square elements, the vortex state was found to be destabilized as the interelement separation was reduced. The pulse shape is shown in the inset of Figure 5 (b) and is similar to that used to excite the vortex gyrotropic mode in the experiment presented in Figure 2 (a). Vector maps of the magnetization were recorded over a period of 100 ns at 0.05 ns intervals.
The out-of-plane component of the magnetization for each element was averaged over its lower half only, so as to yield a non-vanishing time-dependent signal from the gyrotropic mode. While the chirality of the in-plane magnetization in these two elements is of opposite sign, the sign of vortex core polarization is the same. Since the sense of the gyrotropic motion is governed by the polarization only, we look in more detail at equilibrium configuration 4 only, since that of configuration 2 is found to yield a very similar dynamic response, as shown by the TR signals in Figure 5 (a).
In configurations these modes decreased until they could not be resolved for a separation of 500 nm.
For the dominant lower frequency mode, elements within the two columns again gyrate with opposite sense. The character of the other possible collective modes will not be considered any further here, since the aim of the present study is only to explain the results of the TRSKM study.
In the experiments, amplitude modulation was applied to the RF waveform used to excite the sample. Therefore TRSKM was used to probe the change in the out-of-plane component of the dynamic magnetization with respect to the equilibrium state, as shown schematically in Figure 4 (e). To understand how the equilibrium state configuration of the densely packed arrays can lead to the magneto-optical contrast observed experimentally in Figure 4 (c), images of the difference between the dynamic and equilibrium magnetization maps were calculated. Black arcs denote the sense of gyration of the vortex. The lower panels show the expected form of the magneto-optical signal calculated in a similar manner as in Figure 6 as described within the main text.
In Figure 4 (d), three regions of contrast with size equal to 2×1 elements may be seen, of which one is somewhat stronger than the others. The observed beating in the TR traces of configuration 5 corresponds to a 70 MHz variation in the radius of the core trajectory. For the particular region that exhibits the strongest contrast the elements are likely to be precisely on resonance and exhibit the largest displacement of the vortex core as the amplitude of the RF field is modulated. Consequently, it should be expected that small variations in the element shape, size, or magnetic parameters will lead to variations of the collective resonances throughout the array.
This will be of significant importance for magnonic devices, that may well rely upon a more uniform dynamic response.
IV. SUMMARY
TRSKM has been used to detect vortex gyration in individual square nanomagnets with lateral size smaller than the focused spot diameter. TR Kerr images revealed differences in the phase of vortex gyration within individual elements of a 5×5 array with 500 nm edge-to-edge separation for which interelement dipolar interactions are expected to be weak. The observed orientation of the polar Kerr contrast in neighbouring elements can differ by up to  radians as a result of opposite vortex chirality and/or core polarizations. At the same time smaller variations of up to  radians are also present that suggest small variations of element aspect ratio, which has a strong influence on the gyrotropic eigen-frequency.
The distribution of equilibrium states within the elements may be influenced by nanoscale structural imperfections, but thermal effects were also shown to play a role since different equilibrium states were obtained when the same field initialization process was repeated. Control of the equilibrium states requires a more elaborate initialization process, preferably at the level of an individual element, in which an outof-plane field is used to control the core polarization 41 and a spatially inhomogeneous in-plane field, perhaps due to exchange bias, controls the chirality.
TR Kerr images of a 9×9 array with 50 nm edge-to-edge separation revealed regions of uniform contrast extending over lengths comparable to that of either one or two by one elements. Simulations of 2×2 arrays showed that the spatial extent of regions of uniform contrast depends strongly on the equilibrium configuration of vortex chirality and core polarization within individual elements. For certain equilibrium configurations, the simulations also revealed noticeable frequency splitting of the gyrotropic mode. The present work therefore demonstrates the rich magnetization dynamics that may be achieved by controlling the chirality and polarization of vortices within an array of nanomagnets. More extensive micromagnetic simulations, that explore the large number of possible equilibrium states, are now required both to understand the character of the collective gyrotropic modes that may occur, and to fully reproduce the character of TR images observed experimentally.
